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ARTICLE INFO ABSTRACT

Handled by Niels Madsen The effects of human-caused mortality, such as fisheries bycatch, of endangered, threatened and protected (ETP)
species of marine mammals can be evaluated using population model-based stock assessments. The information
available to conduct such assessments is often very limited. Available data might include fragmented time-series
of abundance estimates, incomplete data on bycatch for the fisheries that interact with ETP species (often few
years and low observer coverage), and perhaps some data on scale and trends in fishing effort. Such data are
challenging to use as the basis for stock assessments, which generally assume that estimates of removals
(bycatch, in our context) through time are available for at least the most recent decade or two. This paper de-
scribes a stock assessment method for use with sparse observer data on bycatch mortality, applied within the
context of a Bayesian estimation framework. The method produces estimates, with associated measures of
precision, of population size and historical time-series of bycatch mortality that are consistent with the observer
and abundance data. It provides a rigorous way to account for the uncertainty arising from animals that are
caught but released alive and then die subsequent to release, given a post-release mortality rate prior. Observer
data from industrial and artisanal purse seine and trawl fisheries and survey data for South American sea lions
(Otaria byronia) and South American fur seals (Arctocephalus australis) off Chile are used to illustrate the method.
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1. Introduction collectively as bycatch. Although there are many other important causes

of marine mammal mortality, there is a general consensus among sci-

The main sources of human-caused mortality for many endangered,
threatened and protected (ETP) marine species, including marine
mammals, are entanglement, entrapment, and hooking in commercial
fishing gear (Read, 2005; Reeves et al., 2013), referred to herein
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entists and conservationists that bycatch is the most certain and potent
driver of human-caused population declines, and the primary barrier to
recovery of some depleted populations (Gales et al., 2003; Kovacs et al.,
2012; Reeves et al., 2013; Lewison et al., 2014; Avila et al., 2018).
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Bycatch management programs require estimates of bycatch mortality
and assessment of its effect on the long-term status of ETP populations.

The Fish and Fish Product Import Provisions of the USA Marine
Mammal Protection Act (MMPA) (Federal Register, 2020) require that a
harvesting nation’s regulatory programs address intentional and inci-
dental (bycatch) mortality and serious injury to marine mammals in
fisheries that export seafood to the USA. One way for a country to
achieve a ‘comparability finding’ under the associated regulations is to
demonstrate that bycatch levels relative to population size are either
consistent with maintaining stocks at their optimal sustainable popula-
tion (OSP) level, or are expected to recover them to that level (OSP has
been defined operationally in USA regulations as a population size be-
tween the Maximum Net Productivity Level (MNPL), the number of
animals at which production is maximised, and the carrying capacity (K)
(Wade, 1998)). Methodologies that work with short time-series of
abundance and bycatch data will be essential in cases where countries
impose new or expanded regulatory programs to address marine
mammal bycatch for the purposes of obtaining a comparability finding
(Williams et al., 2016).

Several methods have been developed to provide management
advice for conserving marine mammal populations subject to human-
caused mortality. Assessments based on fitting population dynamics
models are conducted by the Scientific Committee of the International
Whaling Commission (IWC SC) for several baleen whale populations (e.
g., humpback whales: International Whaling Commission (IWC), 2007;
gray whales: Punt and Wade, 2012; International Whaling Commission
(IWC), 2017; Antarctic minke whales: Punt et al., 2014), by the Scien-
tific Committee of the North Atlantic Marine Mammal Commission
(NAMMCO) for regional cetacean and pinniped populations (Interna-
tional Council for the Exploration of the Sea (ICES), 2016, 2016, 2017,
2019), and by some national jurisdictions for a variety of marine
mammal populations (e.g., Laake et al., 2018). These assessments pro-
vide estimates of current population size, status of the population rela-
tive to reference points such as K, MNPL or maximum sustainable yield
level, MSYL (Punt, 2017). In addition, assessments can be used to
evaluate the performance of management procedures intended to ensure
that removals are consistent with management goals (e.g., Wade, 1998;
International Whaling Commission (IWC), 2003, 2005, (IWC), 2012;
Punt and Donovan, 2007)

The primary data requirements for most population model-based
stock assessments are a time-series of removal data, information on
biological parameters such as age-specific natural survival rates and age-
at-maturity, and one or more indices of absolute or relative abundance.
Population models for marine mammals usually assume that human-
caused removals are known with little error. This assumption may be
realistic for whaling and sealing operations where there is an effective
monitoring program (but see [vashchenko et al., 2011), but not for most
marine mammal populations. Because of this, methods have been
developed to quantify the implications of uncertainty about levels of
removals from marine mammal populations in relation to estimates of
current abundance and projections of future abundance (e.g., Givens
and Thompson, 1996; Zerbini et al., 2019).

There are several ways to estimate marine mammal bycatch rates in
specific fisheries, but best practices involve placing trained observers on
fishing vessels to collect information on the species identity and fate of
bycaught individuals, and combining this information with estimates of
the total effort in the fishery, the latter usually based on logbook and
other monitoring programs (Cox et al., 2007; Curtis and Carretta, 2020).
Accurate estimation of the bycatch mortality rate for a population also
often requires bycatch data from multiple fisheries that affect the same
marine mammal population, as well as correction factors to account for
spatial or temporal variability in or constraints on monitoring effort.
Some fraction of the bycaught animals may be released alive and then
die later (as a result of injuries or encumbrance by fishing gear) without
being recorded as killed (e.g., Wilson et al., 2014). This form of so-called
‘cryptic mortality’ (Williams et al., 2011) must also be considered in
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population assessments.

This paper develops a way to include data from observer programs
directly into a stock assessment that estimates bycatch mortality and its
uncertainty from relatively short data time series (abundance informa-
tion for 10-20 years and bycatch information for 3-5 years). This
approach can use bycatch estimates from an observer program along
with associated measures of effort collected from a subset of the fish-
eries. The approach accounts for the uncertainty associated with both
monitoring operations and the impact of post-release mortality within a
Bayesian estimation framework. We illustrate our novel method by
applying it to South American sea lions (Otaria byronia, SASL) and South
American fur seals (Arctocephalus australis, SAFS) in zones off Chile,
using short time-series of bycatch data from multiple fisheries and in-
formation from an observer program with variable coverage, and we
include consideration of hypotheses related to post-release mortality.

2. Background to Chilean fisheries, SASL and SAFS

Chile is one of the major producers of fish and fish products in the
world, with around 1.6 million tonnes landed in 2017 (FAO, 2018). In
particular, Chile, along with Peru, is the main exporter of anchoveta
(Engraulis ringens), the species producing the second-largest catch by
weight in the world (FAO, 2018). More than 15,500 vessels participated
in all Chilean fisheries during 2016, ranging from artisanal small boats
up to large industrial ships (FAO, 2018). The artisanal fleet is hetero-
geneous, ranging from deckless boats (< 8—10 m in length) to small and
mid-sized vessels with a maximum length of 18 m. The industrial fleet
includes vessels larger than 50 gross tonnes and >18 m length (Castilla,
2010).

The largest industrial fisheries in Chile can be divided into a
demersal fishery that uses bottom trawls and longlines, and a pelagic
fishery that uses mainly purse seines. The demersal fishery operates
mainly in central and southern Chile. The primary target species for
bottom trawls are South Pacific hake (Merluccius gayi), Patagonian
grenadier (Macruronus magellanicus), southern hake (Merluccius aus-
tralis) and Humboldt squid (Dosidicus gigas). Longlines are used in
southern Chile to catch Patagonian toothfish (Dissostichus eleginoides).
The pelagic purse seine fishery mainly operates in northern and central
Chile, and targets primarily anchoveta, herring (Clupea bentincki) and
Chilean jack mackerel (Trachurus murphyi). Bycatch of several species of
marine mammals including SASL and SAFS has been documented in
these fisheries (e.g. Hiickstadt and Antezana, 2003; Reyes et al., 2012;
Gonzalez-But and Sepilveda, 2016).

The abundance of SASL and SAFS is monitored based on haul-out
counts (Venegas et al., 2001; Bartheld et al., 2008; Oliva et al., 2012,
2020). There are two putative subspecies of SAFS, one in Peru and
northern Chile (unnamed subspecies) and the other in southern Chile
and the South Atlantic' (A. a. australis; Oliveira and Brownell, 2014).
The size of the southern SAFS population (the focus of this paper) is
about 29,000 individuals (all ages; Supplementary Table 1) while about
130,000 SASL (all ages) are distributed along the Chilean coast (Sup-
plementary Table 1; Venegas et al., 2002; Oliva et al., 2020). Three
macrozones for SASL off Chile are recognized: northern, central and
southern (Oliva et al., 2020; Fig. 1), with evidence of population
structure within these units [stocks] (Weinberger, 2013; Oliveira et al.,
2017) as well as different trends in abundance among units (Oliva et al.,
2020). The government of Chile enacted Law No. 20,625 in September
2012, which amended the General Fisheries and Aquaculture Law and
introduced the concept of incidental catch (or bycatch) of non-target sea
turtles, seabirds and marine mammals, along with control measures and

1 The two subspecies have been proposed but not yet formally described and
named; see https://marinemammalscience.org/species-information/list-mari
ne-mammal-species-subspecies/list-of-proposed-un-named-marine-mamm
al-species-and-subspecies/


https://marinemammalscience.org/species-information/list-marine-mammal-species-subspecies/list-of-proposed-un-named-marine-mammal-species-and-subspecies/
https://marinemammalscience.org/species-information/list-marine-mammal-species-subspecies/list-of-proposed-un-named-marine-mammal-species-and-subspecies/
https://marinemammalscience.org/species-information/list-marine-mammal-species-subspecies/list-of-proposed-un-named-marine-mammal-species-and-subspecies/

A.E. Punt et al.

Table 1

Population dynamics equations. Table 2 provides definitions for the symbols.
Egn Equation Description
No

Population dynamics

T1.1 0.5 Cpiy Abundance by age
Ny = Sat (N1 — Mg y) and sex
Sx-1 (Nf.xfl - fo—l) + sx(M.x - Mix)
ifa=0
ifl<a<x
ifa=x

T1.2 C; = b B Pup (denoted here
as C) production

T1.3 B =30, Nfem Breeding females

T1.4 b, = beqmax{O, 1+ (bax/beg — 1) [1 _ D.ensity-dependent

(NI /KD +)9} ) birth rate

T1.5 N}* = ZSZZ:1N§_H Number of animals

age 1 and older
Ni s -

T1.6 M, = Zfil Miﬁ Humar? caused
mortality by sex and
age

T1.7 Q¢ = ¢fiquE{ N, Number of animals

' ' captured in the gear
by sex, age, and
fishery

T1.8 = P Qifa Nu'mbe':r of animals
dying in the gear

T1.9 M =t + - p i Human-caused

’ ’ ’ mortality by sex,
age and fishery
(includes animals
dying immediately
and post-capture)

Likelihood function

T1.10 Estimates of

L = abundance
1
— 2(1/ﬂnNt1+ _ anllfobs)Z
—— ot 2(er")
ict/2m0i TNy O
T1.11 Pup counts
Ly =
L fn(ibegBy) — £nC)?
*W( n(AbegB;) — £nC;™)
11 e 2(a7™®)
weeV/ 20 PGPS

TL12 [, = [T [NB(M{‘“bS, ZZM‘Zﬁﬁf Vf’[‘f)dvlw‘f Observed numbers

et sa dying

TL13 1, = T fNB(Q{‘ObS, ZEQi{z-f’? vHaves Observed numbers

tec a5 captured by the gear

t* denotes the set of years with estimates of total abundance and/or pup counts.
t** denotes the set of years with estimated numbers dying and captured by the
gear.

sanctions for fisheries with bycatch. These changes were meant to pro-
vide legal recognition of bycatch, reduce bycatch levels in Chilean
fisheries, and increase awareness of the need to incorporate bycatch into
the management of fisheries under an ecosystem approach. Among other
mandates, this law required the development of research programs to
gather data for establishing fishery— or gear-based bycatch reduction
plans. Since 2013, data have been collected by trained scientific ob-
servers from the Instituto de Fomento Pesquero (IFOP; Fisheries
Development Institute) onboard commercial fishing vessels (Domenech,
2016; Supplementary Table 2). This has included total bycatch by spe-
cies, determinations of causes of bycatch (i.e., the type of interaction
with the fishing gear), and descriptions of fishing practices. The program
is voluntary, and the proportion of vessels being monitored by scientific
observers varies markedly among fisheries, with <5% coverage for some
fisheries (e.g., pelagic purse seining) and >70 % for others (e.g., bottom
trawling for South Pacific hake).

A particular challenge for assessing and managing bycatch of SASL
and SAFS off Chile is that while there are estimates of abundance
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(Supplementary Table 1), information on bycatch is limited, despite the
new law. Estimates of bycatch are available for six fisheries for
2015-2018 (Supplementary Table 3). As described above, these esti-
mates are based on observer program coverage ranging from <5% to
>70 % (Supplementary Table 3), and the voluntary nature of partici-
pation by fishers in the observer program could introduce bias. A further
challenge for accurately estimating bycatch mortality is that some of the
animals that are captured in the gear (i.e., are bycaught and may be
recorded as such by observers) escape or are released alive but may
eventually die as a result of their injuries (see review in Wilson et al.,
2014) or stress-related changes in behaviour (e.g., separation of pups
from adults; Edwards, 2002; Noren and Edwards, 2007); the rate of this
post-release mortality is unknown.

3. Methods
3.1. Overview

The assessment method presented here is based on fitting a popula-
tion dynamics model to the abundance estimates (estimates of abun-
dance for animals age 1 and older, and indices of pup numbers), as well
as to data on numbers bycaught and bycatch mortality, along with a
prior for the post-release mortality by fishery. The removals from the
model are predicted by fishery, accounting for (postulated) trends in
fishing effort and levels of bycatch mortality by fishery, accounting for
post-release mortality. The modelled population is projected from 1990
to 2020 given the calculated numbers dying annually due to bycatch
mortality to allow for parameter estimation, and then forward into the
future under a scenario of no future human-caused mortality to assess
how rapidly the population can rebuild, and to compute a posterior
distribution for K. The results of the assessment are used to apply the
potential biological removal (PBR, a conservation or sustainability
reference point used in the USA system) approach to assess whether
current levels of bycatch mortality are consistent with the policy goal of
recovering populations to their MNPLs and maintaining them at or
above those levels.

3.2. Population model

SASL and SAFS off Chile are described using age- and sex-structured
models, with separate models for each of three zones (north, central and
south for SASL, south for the SAFS) (Fig. 1). The model (see Table 1 for
equations and Table 2 for parameter and variable definitions) assumes
that the populations in each zone are closed, so no allowance is made for
movement among zones. The number of pups produced each year (sex
ratio 50:50; Crespo, 1980; Cappozzo and Perrin, 2009) depends on the
number of females that have reached the age of first parturition (Eqn
T1.2) and a density-dependent birth rate, with the extent of density
dependence being a function of the abundance of animals age 1 and
older (age 1+), relative to the carrying capacity (Eqn T1.4). Each pop-
ulation is assumed to be in a steady state at the start of the first year
considered in the model (1990, a year sufficiently far in the past that the
population will be out of steady state once abundance data are avail-
able), subject to a human-caused mortality rate on all age 1+ animals.
This rate, and hence the number of animals by age and sex at the start of
1990, is computed based on the number of age 1+ animals relative to
carrying capacity (International Whaling Commission (IWC), 2017).
Human-caused mortality by age and sex from 1990 onwards, assumed to
take place at the start of each year, for computational simplicity, is the
sum of the removals by age and sex over all fisheries (Eqn T1.6). The
human-caused mortality is the sum of the number of animals that are

captured by each fishery (Qi‘{;) and die immediately and the number that
are captured and survive initially (escape or are released) but die
post-release (Eqn T1.9). The value of Qﬁ{l depends on the numbers of
animals in the population by age and sex, their vulnerability by age and
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sex (¢%f, assumed to be 1 for all animals age 1 and older and zero for
pups; pups are assumed not to be bycaught in the fisheries), the effort for
fishery f during year t, and a “catchability” parameter (¢) (Eqn T1.7).
Some proportion, r, of surviving animals die following their capture in
the fishing gear, and the value of r varies among fisheries (Eqn T1.9).

3.3. Model fitting

The parameters of the population dynamics model are: (a) MSYR; 4,
the bycatch rate at which maximum sustainable yield (MSY) is achieved
given all age 1+ animals are equally vulnerable to capture (equivalent to
the rate of increase when the population is at its MNPL); (b) the age-at-
maturity; (c) the maximum pregnancy rate; (d) the survival rate of an-
imals age 1+, S1.; (e) the relative population size (in terms of 1+ in-
dividuals) at which maximum productivity is achieved, i.e., the ratio of
the MNPL to carrying capacity (MNPL/K); (f) catchability by fishery, ¢’;
(g) the proportion of animals that are captured in the gear for fishery f
that die immediately, p/; (h) the post-release mortality for fishery f, ; (i)
the relative vulnerability of animals by age and sex, ¢5; (j) the number
of age 1+ animals in a reference year relative to carrying capacity in
1990 (first year considered in the model); and (k) a measure of current
abundance (either in terms of age 1+ animals or numbers of pups born).
It is possible to compute pup survival Sy and the two parameters of the
density-dependence function (Eqn T1.4) given MSYR;., the age-at-
maturity, the maximum pregnancy rate, S;;, and MNPL/K (Punt,
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1999). Parameter combinations for which the calculated Sy exceeds S;
are rejected as biologically implausible.

The model-fitting process involves the application of a Bayesian
assessment approach based on the sampling-importance-resampling
(SIR) algorithm (Rubin, 1987; Van Dijk et al., 1987; Punt and Hilborn,
1997). The SIR algorithm is implemented separately for each zone
(north, central, south) by drawing parameter vectors from priors and
computing posteriors with increased numbers of draws from the priors
until the posterior is represented by 100 unique parameter vectors (1000
for the base-case model). The results of a Bayesian assessment provide
best estimates of, for example, current population size, but also a pos-
terior distribution for current population size from which posterior
percentiles can be computed (Punt and Hilborn, 1997).

The data used to fit the model are estimates of total (age 1+)
abundance, pup counts (Supplementary Table 1), numbers observed
dead in the gear, and numbers observed captured by the gear (Supple-
mentary Table 3). The total abundance estimates are assumed to be
absolute indices of abundance while the pup counts are assumed (for the
base-case model and most of the sensitivity tests) to be indices of the
number of pups immediately after birth and before the effects of density
dependence come into play (Eqn T1.10 and T1.11). The estimates of
total (14) abundance and the pup counts are assumed to be log-normally
distributed.

The likelihood function used in the SIR algorithm (Eqn T1.10-T1.13)
contains contributions for the number of animals observed dead in the

Marine mammals affected Pelagic fishery Demersal fishery
North [~ 20°S
@@ :anchovy, sardine
— 30°8
Trawl fishery Central
-y’
@@ Anchovy, sardine @South P"’.c'ﬁc hakg
Patagonia grenadier
@ Jack mackerel Southern hake
Humboldt squid — 40°S
South
Ice trawler fleet
Trawl factory fleet
@ South Pacific hake
Patagonia grenadier L 50°8
5°“th 5°“th_ Southern hake
American Sea  American Fur Humboldt squid
Lion (SASL) Seal (SAFS)
KEY _
Trawlers
@ Artisanal T
80°W

@ Industrial

Fig. 1. Map of the Chilean coastline showing the three macrozones as well as where the fisheries operate and species are found. The Chilean administrative regions

r.v—-% Purse seiners
-

corresponding to each zone are: North — regions XV, I, II, III, and IV ; Central - regions V, VI, VII, VIII and IX; and South - regions XIV, X, XI, and XII.
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Table 2
Symbols included in the specification of the model.

Symbol Description

B, Number of females that have reached the age of first parturition (a,) at
the start of year t

Ce Number of pups at the start of year t

covs Observed number of pups during year t

E{ Effort by fishery f during year t

K+ Carrying capacity in terms of the number of animals age 1 and older

M, Human-caused mortality of sex s and age a during year t

M Human-caused mortality of sex s and age a by fishery f during year t

MSJ Number of animals of sex s and age a dying in fishery f during year ¢

b (immediate deaths)

M{ -obs Observed number of animals dying due to fishery f during year t

N Number of fisheries

N, Number of animals of age a and sex s, at the start of year t

N Number of animals age 1 and older at the start of year t

N}“’bs Observed number of animals age 1 and older at the start of year t

NB(x, N, a, Negative binomial distribution with observation x, total trials N, mean

b) a and variance of the proportion b
ijﬂ Number of animals of sex s and age a captured by the gear for fishery f
' during year t

Q{«Obs Observed number of animals captured in fishery f during year t

Sa Survival rate for animals of age a

V?‘f ) Vi"‘f Variation in the proportion of bycatch observed about its expected
value

a, Age-at-first parturition

b, Birth rate during year t

beq Birth rate when the population is at carrying capacity

Binax Maximum birth rate (in the limit of zero population size)

p{ Observer coverage (proportion of the effort that was monitored;
approximated by the proportion of the catch that was monitored)

) Mortality coefficient for fishery f (i.e., probability of dying due the
fishery and being observed as dead)

' Catchability coefficient for fishery f (numbers captured by the gear)

r Proportion of the catch by fishery f that dies after being released.

x Plus-group age (values for the population dynamics parameters,
including human-caused mortality rates, are the same from age x
onwards)

! Relative vulnerability of animals of age a and sex s to being caught by
fishery f

A Constant of proportionality relating the pup counts to the model
predictions

0 Parameter determining MNPL/K

c The standard error of the future observation errors

ot Standard error of the logarithm of N} "°™ (estimated in the
conditioning process)

of'P Standard error of the logarithm of P (estimated in the conditioning

process)

gear (Eqn T1.12) and the number captured by the gear alive and dead
(Eqn T1.13), with both data sources assumed to be negative-binomially
distributed. The expected number of bycaught animals observed dead in
the gear is the product of the modelled number of animals that die
immediately in the gear (Eqn T1.8) and the proportion of the total catch
that is observed, p/ (assumed to be known without error; Supplementary
Table 3). The expected total number of animals captured in the gear that
is observed is the product of the modelled number of animals captured in
the gear (Eqn T1.7) and p/.

The likelihood includes parameters for the variance of the estimates
of age 1+ abundance and the pup counts, the constant of proportionality
for the pup counts (1), as well as overdispersion parameters for the
bycatch data (Vy‘f; V?‘f). The parameters A, Viw‘f and V?‘f are “nuisance”
parameters and hence are integrated out to provide a marginal likeli-
hood (and to make the application of the SIR algorithm more efficient;
Eqn T1.12 and T1.13). The variances of the estimates of age 1+ abun-
dance and the pup counts are integrated out as part of the model-fitting
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Table 3
The pre-specified parameters of the base-case population dynamics model and
the prior distributions for the estimated parameters for the base-case model.

Parameter Value or prior Source

Pre-specified parameters

MNPL/K 0.6 Common assumption
underlying marine mammal
assessments (Taylor and
DeMaster, 1993)

S1. 0.83, 0.875 (SASL, Vaz-Ferreira (1978); Grandi

SAFS) et al. (2016)

Age-maturity 5, 3 (SASL, SAFS) Ximenez (1973); Vaz-Ferreira

(1978); Grandi et al. (2010)

Estimated parameters

MSYR; U[0.02, 0.15] Broad enough to cover the
posterior space

Nigo0/K U[0.05, 0.7] Broad enough to cover the

posterior space

Current abundance See Supplementary ~ Lognormal; CVs sampled from

Table 1 the priors for CV for the 1+
abundance estimates
CV for the 1+ abundance U[0.1, 1.0] Broad enough to cover the
estimates posterior space
CV for pup counts u[o.1, 1.0] Broad enough to cover the

posterior space

Catchability, ¢f Varies among Broad enough to cover the

fisheries posterior space
(Supplementary
Table 4)
Probability of dying Varies among Broad enough to cover the
immediately given fisheries posterior space
captured in the gear, pf (Supplementary
Table 4)
Post-release mortality, r Ul[o0, 0.1] Assumed
Variance, V3, v/ ulo, 17:(1 _ 13{)] Uniform over the allowable
range
(2.7} Uloo,-00] Non-informative for a scale
parameter

process.

Table 3 lists the base-case values for the pre-specified parameters of
the population dynamics model and the likelihood function. There is no
prior information for most of the parameters so uniform priors that are
sufficiently broad to cover the likely range are adopted for several of the
parameters. Effort by fishery is assumed to be constant for the base-case
model.

The alternative models explored here (Table 4) relate to the pre-
specified aspects of the model. The factors in Table 4 examine sensi-
tivity to: a) the extent of post-release mortality and whether it differs
among fisheries (Alternative models 1-3); b) pre-specifying instead of
estimating MSYR;; (the value of MSYR;; = 0.06 considered in Alter-
native model 4 is essentially half the maximum rate of increase assumed
in the calculations by Wade, 1998); c) the value of MNPL/K (Alternative
model 5); d) treating pup counts as measures of absolute (rather than
relative) pup numbers (Alternative model 6); and e) the historical trend
in effort (and hence bycatch mortality rate), assuming that the trends in
effort are the same for all fisheries (Alternative models 7-8).

3.4. Removals in relation to policy goals

PBR is the product of three parameters: (1) a minimum estimate of
abundance that “provides reasonable assurance that the stock size is
equal to or greater than the estimate”” (Nmmy); (2) one-half of the
maximum intrinsic rate of population growth (0.50 Ryax); and (3) a
recovery factor (Fg) between 0.1 and 1.0 (Wade, 1998):

PBR = Ny 0.50 RvaxFr (@)

2 Sec. 3(27) Marine Mammal Protection Act MMPA
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Table 4
The alternative models.
Alternative Description
model
Base-case See Table 3, with pup counts indices of pup numbers and
constant effort.
1 Post-release mortality U[0.1, 0.2] all fisheries
2 Post-release mortality U[0, 0.1] for purse-seine; U[0.5,1] for
trawl
3 No post-release mortality
4 MSYR; is set to 0.06
5 MNPL/K = 0.5
6 The pup counts are assumed to be absolute indices of pup
numbers
7 Effort doubles from 1990 to 2019
8 Effort drops by 50 % from 1990 to 2019

Calculations of PBR herein use: Nyn = the lower 20th percentile of
the log-normal distribution of the most recent abundance estimate;
Rpax = 0.12, the default value for pinnipeds, as applied in the USA; and
Fr = 1, which is appropriate for stocks at OSP (Wade and Angliss, 1997;
Wade, 1998). In defining Ny, the lower 20th percentile was chosen by
simulation to meet the policy goals of: 1) remaining at or above MNPL (i.
e., at the lower bound of OSP) for 20 years given the population started
at MNPL, and 2) recovering to at least MNPL within 100 years, with a
0.95 probability, given the population started at 0.3 K (Wade, 1998).

The results of the model lead to three ways to compute PBR: (a) the
product of 0.06 (half of the default value of Ryax for pinnipeds and
Fgr = 1) and the lower 20th percentile of the posterior for 1+ abundance
from the model; (b) the product of the posterior median for MSYR; .
(which for an age-aggregated model with logistic growth is 0.5 Ryax),
the lower 20th percentile of the posterior of age 1+ abundance from the
model, and Fg = 1; and (c) the product of 0.06 and the lower 20th
percentile of the sampling distribution of the most recent estimate of
total abundance (where the CV is set as the median of the posterior for
the sampling CV obtained by fitting the model). Option (c) is most
consistent with the way PBR is typically computed because it uses only
the most recent estimate of abundance, while options (a) and (b)
represent using the model results as the primary basis for computing
PBR.

4. Results
4.1. Fit diagnostics

Fig. 2 shows the model-predicted time-trajectories of age 1+ abun-
dance and pups (posterior medians and 50 % and 90 % intervals), along
with the abundance estimates, the model-predicted observed number of
bycaught animals, and the model-predicted number of animals observed
dead in the gear for the base-case model. The model fits the abundance
data well, although the pup counts for SASL in the north and south zones
are highly variable (Fig. 2, 1st and 3rd rows; Supplementary Fig. 1). The
model is able to replicate most of the data on observed bycaught animals
and the proportion of those animals that die (data points often well
within the 90 % probability intervals from the model), and the posterior
medians of numbers dying and bycaught for each fishery almost always
lie within the range of observations for that fishery. The poorest fits are
when bycatch estimates are very low, in which case the model predicted
higher values than the observations (e.g., numbers of SAFS and SASL
observed dying in and captured by the gear in the trawl fishery in the
south zone; Fig. 2, 3rd and 4th rows). The fits to total bycatch for the
artisanal purse seine fishery for the SAFS (Fig. 2, 2nd row), and to total
and dead bycatch for industrial trawl in the South for both species
(Fig. 2, 4th row) are also poor, which is due in part to the high inter-
annual variation in the estimates.

The alternative models also fit the data adequately (Supplementary
Figs S2—9). Visually, the fit of the model is not noticeably poorer when
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productivity is defined by MSYR;, = 0.06 rather than being estimated
or when the pup counts are assumed to be absolute rather than indices of
abundance (Fig. 2 vs. Supplementary Figs S5 and S7), but this is because
the estimated sampling variance is higher for these two alternative
models.

Comparison of the alternative models with the base-case model using
Bayes factors (Table 5) does not provide strong evidence that the
alternative models are superior to the base-case model (values in Table 5
substantially larger than 1). The models with MSYL/K = 0.5 are best
supported by the data, though the difference between even the best
fitting of these models (SASL in the north zone) and the base-case model
is still negligible (“not worth more than bare mention” according to Kass
and Raftery [1988]). In contrast, alternative models 4 (MSYR;; = 0.06)
and 6 (pup counts as absolute measures of abundance) consistently lead
to Bayes factors less than ~0.3 among species / zones (implying “posi-
tive” evidence against these two alternative models; Kass and Raftery,
1988).

4.2. Posterior distributions for the parameters (base-case)

Fig. 3 and Supplementary Table 5 shows the posterior distributions
for a subset of the parameters of the models for the four species/zones
for the base-case model. The variance parameters in Eqn T1.11 and
T1.12 are integrated out prior to the calculation of the likelihood and are
therefore not shown in Fig. 3. The posteriors for the parameters deter-
mining the rates of post-release mortality by fishery, species and zone
match the priors very closely (and therefore are not shown in Fig. 3),
largely because post-release mortality is unobserved.

The prior for MSYR;; [0.02, 0.15] is updated substantially by the
data for all species / zone pairs. The posteriors for MSYR; ;. for SASL by
zone are centered below 0.06 (well below for the north and central
zones) and that for SAFS in the south zone is centered well above 0.06
(half of the default value for the maximum rate of increase for pinnipeds
when applying the PBR approach — Wade [1998]).

The posteriors for the sampling CVs for the abundance estimates are
also updated substantially. The sampling CV for the estimates of age 1+
abundance is poorly defined for SASL in the central zone and SAFS in the
south zone (wide posteriors encompassing most possible values). In
contrast, the posteriors for the remaining sampling CVs exclude higher
values.

The posterior for initial (1990) population size relative to carrying
capacity is quite flat for SASL in the central zone, while it favours values
larger than 0.5 for SASL in the north and south zones, and values lower
than 0.1 for SAFS.

4.3. Population status and removals

The posterior for abundance in 2020 relative to carrying capacity for
the base-case model suggests that SASL and SAFS in the south zone and
SASL in the north zone were above MNPL with high probability at the
start of 2020. In contrast, this posterior is quite uninformative for SASL
in the central zone, with a probability that the number of age 1+ animals
exceeds MNPL (half of carrying capacity) close to 0.5 (Fig. 3, right
column, second row). Carrying capacity is poorly estimated for all spe-
cies/zones, reflected in a wide distribution for the population size at
equilibrium, in the absence of future removals (e.g., Fig. 2 first two
columns).

All of the populations, except SASL in the central zone, are predicted
by the base-case model to have increased somewhat between 1990 and
2020, with age 1+ abundance estimates ranging from 50 to 96% (pos-
terior median) of carrying capacity in 2020. The 2020 relative popula-
tion size varies, however, among the alternative models. The most
optimistic results for SASL in the north, central and south zones are
when MSYR;. = 0.06 (Model 4), and the best case for SAFS in the south
zones is decreasing effort (Model 8) (Fig. 4; Supplementary Table 6). The
more optimistic results for SASL when MSYR;, =0.06 are not
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Fig. 2. Time-series of total population (age 1+ abundance) and age-0 (pup) numbers by species/zone, along with the data used to fit the model (left two columns).
The dark lines in the left two columns are posterior medians, while the dark and light shading covers the 50 % and 90 % probability intervals, respectively. The
projections beyond 2019 are based on the assumption of no future removals. The sampling intervals for the abundance indices account for estimated sampling
variance. The two right columns show the fit to the bycatch data (data open symbols; closed symbols posterior medians and lines posterior 90 % intervals). The

results are for the base-case model for which effort is constant over time.

Table 5

Bayes factors relative to the base-case model (marginal likelihood of the alter-
native models divided by that of the base-case model) by species / population. A
Bayes factor larger than 1 implies a better fit than the base-case model and vice
versa.

Alternative Model South American sea lion South American fur seal

North Central South South
1 1.039 1.134 0.946 0.952
2 1.016 1.089 0.966 0.996
3 1.012 1.069 0.949 0.947
4 0.743 0.362 0.777 0.179
5 1.583 1.412 1.121 1.000
6 0.262 0.029 0.341 0.154
7 1.023 1.356 0.848 0.974
8 1.015 0.857 0.945 0.863

unexpected given that the posteriors for MSYR;, for the base-case
analysis support values less than 0.06 for MSYR; (Fig. 3). For SASL
in the north and central zones, the least optimistic case is when MNPL is
reduced from 0.6 to 0.5 (Model 5), while decreasing effort (Model 8) and
MSYR;. = 0.06 (Model 4) are the least optimistic cases for SASL in the
central zone and SAFS, respectively (Fig. 4; Supplementary Table 6).
Again, the least optimistic results for SAFS in the south zone when
MSYR;, = 0.06 are due to the posterior in the base-case model sup-
porting values for MSYR;; greater than 0.06. It is important to note,
however, that the models with MSYR;, = 0.06 are not well supported
by the data (Table 5).

Fig. 5 shows the posteriors for the time-trajectories of bycatch
mortality by species, zone and fishery for the base-case model. The
distributions are generally very wide, reflecting that catchability
(parameter q in Equation T1.7) is not well determined by the data. The
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median time-trajectories of bycatch mortality are increasing over time
for the SASL in the north and south zones and for SAFS, reflecting (a) the
time-trajectories of estimated population size and (b) the assumed
stable-effort trajectories. The estimated bycatch mortality is substan-
tially larger than the observed bycatch for most fisheries owing to the
low observer coverage for some of them (Supplementary Table 3). Un-
certainty is lower for the fisheries with higher levels of observer
coverage (e.g., the factory trawl fishery in the south zone).

Fig. 6 shows the posteriors for the time-trajectories of numbers
captured by the gear by species, zone and fishery in the base-case model.
As expected, the posterior time-trajectories of numbers captured and
released (Fig. 6) qualitatively match those of numbers dying (Fig. 5),
except for the purse seine fishery where most of the caught animals are
released alive and the scale of the number captured can be substantially
larger than the number dying.

The time-trajectories of bycatch and bycatch mortality for the
alternative models are qualitatively identical to those for the base-case
model, although estimates of removals in absolute terms depend on
the assumptions of the model (Supplementary Table 6). There is no
obvious pattern in which models lead to the highest or lowest levels of
bycatch mortality between species and zones, owing to the interaction
among time-trends in abundance, and values for catchability.

4.4. Removals in relation to policy goals

Table 6 lists the posterior mean estimates of bycatch mortality during
2010-2019 for the base-case model and the eight alternative models.
The posterior mean estimates of bycatch mortality vary by model
(118-157 for SASL in the north zone; 493-561 for SASL in the central
zone; 240-282 for SASL in the south zone; 95-121 for SAFS). The
bycatch mortality for SASL in the north, SASL in the south and SAFS is
well below the PBR value in each case, irrespective of how PBR is
computed. In contrast, the bycatch mortality for SASL in the central zone
is less than PBR when PBR is based on Ryjax = 0.12 but above PBR when
PBR is computed based on the estimated value of MSYR; ..

5. Discussion

The primary aim of this paper is to develop a method of marine
mammal stock assessment that makes use of bycatch data in several
fisheries when monitoring rates are uneven across fisheries. This is a
common situation for marine mammal species, unlike many fish species
for which there is usually a landed component of the catch that is well
monitored. The method can be applied to situations in which some

abundance data (ideally at least two or three estimates of absolute
abundance) are available, along with some data from an observer pro-
gram. Our approach was applied in a complex but common situation,
where multiple fisheries using different types of fishing gear interact
with multiple marine mammal species over a broad geographical range.
This approach is intended to support the development and imple-
mentation of bycatch reduction programs.

Our method is similar to the common approach of dividing observed
dead animals per unit of observed effort by the proportion of observer
coverage. However, we integrate this calculation into the model-fitting
process and hence capture the associated uncertainty more fully. Our
method can also use information on the proportion of captured animals
that are released alive but subsequently die from the effects of being
bycaught. The Bayesian approach employed here allows for the use of
priors in estimating the parameters of the model (although the only
strongly informative prior for the Chilean case-study was that for recent
abundance) and the assessment results can be summarized using prob-
ability distributions for model parameters, time-trajectories of popula-
tion numbers (in principle by sex and age), and numbers dying by
fishery. This presentation allows not only an appraisal of the precision
with which quantities of management interest are estimated but also
estimation of the probability that management and conservation refer-
ence points will be exceeded. In the context of the USA’s Fish and Fish
Product Import Provisions of the MMPA (50 CFR § 216.24), the relevant
thresholds are the status of the population relative to PBR, and whether
current removals meet the conservation objective (population recovery
to, or maintenance at, OSP).

The methods presented in this paper are similar to those of Givens
and Thompson (1995) and Zerbini et al. (2019) for cetaceans, with the
exception that, unlike those approaches, which account for uncertainty
in human-induced mortality by placing priors on the annual removals,
this paper treats the number of observed marine mammals dead and
alive in fishing gear as data to be fitted as part of the parameter esti-
mation process. Unlike these alternatives, our method does not require
estimates of removals for all years, but rather uses the model to make
inferences about them, given an assumption regarding trends in effort,
and fits the model to the available data on abundance. Cook (1997)
developed a method for conducting assessments of fish stocks that does
not require estimates of removals but relies on having information from
surveys for population numbers by age for several years — data that are
not available for most marine mammals. Porch et al. (2006) outlined a
method of stock assessment that does not require catch data but instead
relies on prior information on rates of change in abundance, and indices
of relative abundance. The Porch et al. method could, in principle, be
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Fig. 4. Posterior distributions for 2020 depletion for each model by species and zone.

applied to species such as SASL and SAFS, but there is no obvious way to
obtain prior information on the change in population size except by
using the data included in the present analysis and expert opinion. In
addition, unlike in Porch et al. (2006), estimates of absolute abundance
are available for several stocks of the species considered here; such data
are generally amongst the most informative when conducting popula-
tion assessments.

5.1. Population status and trends

The estimates of population size relative to quantities such as K and
MNPL are sensitive to assumptions regarding some of the features of the
model. Moreover, population size relative to carrying capacity varies
substantially among the species/zones considered here, with SASL in the
north and south zones and SAFS in the south zone close to carrying
capacity, and SASL in the central zone close to MNPL. However, it is

possible to conclude from the evaluations here that abundance is
increasing for all species/zones. Thus, pup production must exceed
current rates of removal. The estimates of current depletion from the
model are consistent with the classification of the SASL as a ‘least
concern’ species according to the Chilean regulation for the classifica-
tion of wild species in conservation categories®, and also according to
the IUCN Red List (Cardenas-Alayza et al., 2016a). SAFS in the south
zone is classified as a ‘least concern’ species by the IUCN Red List
(Cardenas-Alayza et al., 2016b) but as ‘near threatened’ according to the
Chilean regulation for the classification of wild species in conservation

3 http://especies.mma.gob.cl/CNMWeb,/Web/WebCiudadana/ficha_indepen.
aspx?Especield=751
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categories4 .

The USA National Oceanic and Atmospheric Administration
(NOAA), which administers the portions of the MMPA pertaining to
most marine mammals, evaluates status of stocks (populations) and is-
sues regulations for reducing incidental take in commercial fisheries
(bycatch). The Seafood Import Provisions, promulgated in 2016, require
that imported fish and fish products be evaluated with respect to USA
standards. Those regulations require countries that export fish and fish
products to the USA, and that are identified by NOAA as having fisheries
that involve or may involve marine mammal bycatch, to have a program
for monitoring and mitigating bycatch (including prevention) that is
“comparable in effectiveness” to that applied to USA fisheries. The
implementation of the Seafood Import Provisions is likely to improve
programs for estimating bycatch (e.g., increasing the observation effort).
However, in many countries the time-series of bycatch estimates will
remain short for several years after initiating improved monitoring
programs, and therefore approaches to assessment that require time-
series of estimates of removals of ~10+ years in length cannot
currently be applied.

It was possible to calculate PBR for SASL and SAFS using only the
most recent estimate of abundance given a CV based on the model
(Table 6). However, the assessment method of this paper allows a more

* http://especies.mma.gob.cl/CNMWeb/Web/WebCiudadana/ficha_indepen.
aspx?Especield=752&Version=1

10

integrative way to determine whether bycatch mortality exceeds PBR
because the estimates of abundance used to calculate PBR are based on
multiple years of data on abundance and bycatch as well as estimates of
biological parameters.

5.2. Caveats and future work

The results presented here are sensitive to some of the assumptions of
the assessment, in particular to the values assumed for MNPL/K (current
relative stock size is lower of lower values for MNPL/K). This sensitivity
occurs because there is no evidence for a reduction in growth rate from
the (admittedly few) data on abundance so a population cannot be much
larger than its MNPL. The results are predictably sensitive to MSYR; ;,
although the data provide some information on this parameter (Table 5).
The results depend on assumptions regarding post-release mortality, but
the relationship between key model outputs (e.g., 2020 relative popu-
lation size and estimated bycatch mortality) is not straightforward (e.g.,
Alternative Model 3 with no post-release mortality does not always lead
to the lowest estimated bycatch mortality and highest 2020 depletion).

One key input for the assessment, to which the results are sensitive, is
the proportion of captured animals that escape or are released but
subsequently die (i.e., the post-release mortality rate). There is no in-
formation about this proportion for SASL and SAFS off Chile so
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sensitivity to the prior assigned to this parameter was explored (Table 4;
Supplementary Figures $2-S4)° . We would expect the post-release
(cryptic) mortality in the purse seine fisheries to be very low, because
most of the animals escape from the fishing gear during net hauling, i.e.
just a few are released alive on deck. In contrast, trawling may lead to
higher post-release mortality at least for nets without escape panels.
Post-release mortality could be assessed using a tagging program or
observers could attempt to assess visually whether the animals released
‘alive’ would survive; such information could be used to develop an
informative prior for this quantity. The USA has developed a policy for
doing this in its fisheries (NMFS, 2012, and see Appendices in Carretta
et al., 2018). Post-release mortality is not the only source of unobserved
mortality, and in principle a prior could be placed on other such sources.

Another caveat is that the Chilean observer program is voluntary
(some vessels do not have space for scientific observers and some
companies do not allow observers on board) so reported bycatch rates
likely do not reflect those in the rest of the fisheries, as is assumed in the
present approach. This is of greatest concern for the fisheries that lead to
highest mortality (likely trawls), although the observer coverage for the
trawl fisheries is relatively high (29-100 %) when compared to most
observer programs, and the trawl fishery, unlike the purse-seine fishery,
involves a small number of vessels. This is also of considerable concern
when coverage is very low because bias in bycatch estimations can be

5 An additional sensitivity test in which the prior for the post-release mor-
tality rate was changed to U[0,1] for all fleets led to reasonable fits to the data
(see Supplementary Figure S10) and posteriors for the post-release mortality
rate that matched the prior.
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significant (Hall, 1999). In principle, the bycatch data included in the
analyses could be restricted to those vessels considered to be operating
“normally” (if such an appraisal can be made) because the method only
requires a data set for which the observer coverage and bycatch obser-
vations are representative. A more serious concern is that the observed
vessels are not necessarily spatially or temporally representative of the
entire fishery. In addition, the method of this paper assumes that fishing
practices were effectively the same between 1990-2014 and
2015-2017, i.e., the catchability parameter is assumed to be constant
within a fishery over time. Whether this is the case is unknown, but the
trawl fishery had higher effort in the past and consequently fishing
practices may have changed.

There are no historical data on effort for the fisheries considered in
this paper. It would have been straightforward to include data on effort
for all or some fisheries, had such information been available. However,
at least for SASL and SAFS off Chile, the posteriors for the number of
animals at the start of 2020 relative to carrying capacity were not very
sensitive to alternative assumptions regarding effort trends. This
robustness was likely a consequence of the availability of abundance
estimates that constrain the time-trajectory of population size.

The model was implemented within a Bayesian framework; thus,
priors can be placed on the parameters of the model. Priors were placed
on many parameters but some of the parameters (such as adult survival
rate and age-at-maturity) were assumed to be known. In principle, meta-
analyses could be used to develop priors for these parameters. However,
previous applications of age- and sex-structured models such as that
employed in this paper suggests that estimates of population size and
population size relative to reference points will be robust to the prior for
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Table 6

0.12 and the lower 20th percentile of the posterior for current 2020 1+

Posterior mean estimates of seals and sea lions dying due to bycatch mortality during 2010-2019 and PBR values based on: (PBR-A) Ryax
abundance, (PBR-B) the posterior median for MSYR; , and the lower 20th percentile of the posterior for 2020 1+ abundance, and (PBR-C) Ryax

for the CV for the estimates of 1+ abundance.

0.12, the most recent estimate of 1+ abundance and the posterior median

South American Fur Seal

South American Sea Lion

South

South

Central

North

PBR-A PBR-B PBR-C Bycatch PBR-A PBR-B PBR-C Bycatch PBR-A PBR-B PBR-C Bycatch PBR-A PBR-B PBR-C

Bycatch

mortality

mortality

mortality

mortality

872

1017
1012
957
987
480
786

523
515
514
494
480
521
626
544
474

97
98
121
95
97

2426

1897
1536
1732
1639
2618

2538
2481

244
253
282
245
240
247
245

890
867
838
885
927
877
786
867
863

372
341
359
365
810
376
385
435
382

697
672
689
728
810

510
519
496
528
583
493

1551
1567
1567
1563
1546
1547
1574
1561
1553

1142
1219
1036
1121
1752
897

1761
1772
1750
1741
1752
1747
1826
1749
1777

132
157
136
134
118
133

Base case
Model 1

2386
2456

872
869
899
902
933
895
878

2584
2440
2618

Model 2

2409
2479
2414

Model 3

Model 4

1283
2196
1390
1446

2428
2586
2494
2384

729
564
739
688

Model 5

1095
1037
926

97

2416

516

1186
1111
1226

Model 6

97

2407
2308

252
244

561
516

137
117

Model 7

Model 8
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these quantities if MSYR; ., is estimated and there are no data on pop-
ulation age composition or on the age composition of the bycatch.

We conducted assessments for four species-zone combinations;
however, the parameters were estimated separately by species and zone.
In principle (and perhaps at substantial computational cost), parameters
such as the MSYR;; could be shared among species and zones or the
MSYR; ; for each species and zone could be assumed to be drawn from a
hyper-prior. Either of these approaches would allow data from relatively
data-rich species and zones to inform similar, data-poor situations.

The number of estimated parameters ranges between 12 (SASL in the
north and south zone and SAFS in the south zone) and 18 (South
American sea lions in the central zone). The parameters related to the
variance of the numbers captured by the gear, and the constant of pro-
portionality for the pup counts are “nuisance” parameters that are
marginalized out, reducing the number of parameters that are included
when applying the SIR algorithm. However, the number of parameters
in the models is close to the limit of how many parameters can be esti-
mated using SIR. If additional parameters were to be estimated, it could
become necessary to use an alternative estimation framework such as
Markov chain Monte Carlo (MCMC), perhaps implemented using Stan
(Carpenter et al., 2017). Implementation of the model using MCMC al-
gorithms would allow the application of other model selection methods
such as the Deviance Information Criterion (Spieghalter et al., 2002) and
Leave-one-out cross-validation information criterion (Vehtari et al.,
2017) as well as other approaches for determining the adequacy of
model fit. The model currently involves the solution of non-linear
equations (e.g., the relationship between MNPL/K and MSYR;,, and
the parameters of the density-dependence function) each time the like-
lihood is calculated, which may necessitate the development of a
case-specific MCMC algorithm.

5.3. Final considerations

This paper has developed an approach that can be used for popula-
tion model-based assessments of marine mammal stocks when some
data on abundance are available but only limited information is avail-
able on bycatch. The approach we developed should be particularly
helpful for fisheries that have some bycatch data including post-release
mortality (and ideally information on the rate of post-release mortality),
and could provide a way to assist countries needing to evaluate whether
bycatch mortality is comparable with conservation policy goals. The
method is applied to data for South American sea lions and South
American fur seals off Chile and confirms that the populations are
increasing, but that the 2020 population size relative to carrying ca-
pacity varies among zones and species.

The results of assessments such as those in this paper could be used as
the basis for management strategy evaluations, such as determining
whether a given alternative to the PBR approach for computing limits on
bycatch levels will similarly ensure that marine mammal populations
are maintained at or above, or if necessary allowed to increase towards,
a desired benchmark level (e.g., MNPL).
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